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Introduction
Sjögren's syndrome (SS) is a chronic, debilitating rheumatic autoimmune disease with hallmark features of severe dry mouth, dry eyes, and autoantibodies to systemic nuclear antigens (1, 2) . Criteria for disease classification include both subjective symptoms and objective measures of dry eyes and mouth, presence of Ro/SS-A and La/SS-B autoantibodies, and focal lymphocytic infiltration of biopsied minor salivary gland (SG) tissue (3) . Presence of at least one cluster of ≥50 lymphocytes in 4 mm 2 of labial SG tissue, defined as a "focus," is sensitive and specific for SS (3, 4) and occurs in parallel with similar infiltrates in submandibular and parotid SGs (4) . The focal lymphocytic infiltrates are dominated by CD4 + T cells (5-8) expressing αβ T cell receptors (TCRs) (9, 10) with markers of activation (6, 8) and memory (10, 11) , though CD8 + T cells are invariably present. B lymphocyte and macrophage populations increase with disease severity (12) .
T cells expressing αβ TCRs interact with peptide antigen in the context of HLA molecules. The amino acids responsible for peptide antigen binding are located in the third complementarity-determining regions (CDR3s) of the α and β chains. CDR3 is the most variable portion of the TCR, as recombination allows for various combinations of variable (V), diversity (D, in the case of the β chain), and joining (J) gene segments as well as for the addition of random, nontemplated nucleotides into the joints between gene segments; these are referred to as NDN-region additions in the β chain and simply N-region additions in the α chain. In development, T cells simultaneously rearrange both TCRα loci (13) , resulting in a potential for mature
CD4
+ T cells predominate in salivary gland (SG) inflammatory lesions in Sjögren's syndrome (SS). However, their antigen specificity, degree of clonal expansion, and relationship to clinical disease features remain unknown. We used multiplex reverse-transcriptase PCR to amplify paired T cell receptor α (TCRα) and β transcripts of single CD4 +
CD45RA
-T cells from SG and peripheral blood (PB) of 10 individuals with primary SS, 9 of whom shared the HLA DR3/DQ2 risk haplotype. TCRα and β sequences were obtained from a median of 91 SG and 107 PB cells per subject. The degree of clonal expansion and frequency of cells expressing two productively rearranged α genes were increased in SG versus PB. Expanded clones from SG exhibited complementary-determining region 3 (CDR3) sequence similarity both within and among subjects, suggesting antigenic selection and shared antigen recognition. CDR3 similarities were shared among expanded clones from individuals discordant for canonical Ro and La autoantibodies, suggesting recognition of alternative SG antigen(s). The extent of SG clonal expansion correlated with reduced saliva production and increased SG fibrosis, linking expanded SG T cells with glandular dysfunction. Knowledge of paired TCRα and β sequences enables further work toward identification of target antigens and development of novel therapies.
cells containing dual functional TCRα gene rearrangements (14) .
Prior studies evaluated TCR Vβ gene family usage in primary SS (pSS) SG tissue by immunostaining (15, 16) , single-strand conformational polymorphism analysis (17, 18) , or PCR in combination with hybridization techniques (10, 19, 20) . TCR sequences derived from bulk tissue and sequenced following cloning into bacterial vectors or phage were polyclonal and exhibited some preferential Vβ gene usage that varied from patient to patient. Some studies evaluating few patients found TCR motifs in CD3 + T cells within individuals suggesting antigen-driven selection (17, 18, 21) . However, whether these TCR motifs occurred in expanded clones or CD4 + , CD8 + , or memory subsets is unknown. There is also little knowledge of the TCRα gene usage of T cells from SG tissue of pSS patients, with two studies evaluating fewer than 20 cells each (22, 23) and a third study evaluating only a portion of the known Vα gene families (20) . Knowledge of paired TCRα and β sequences from SG clonal expansions is required for discovering the antigens driving T cell activation and expansion in SG tissue. Importantly, the studies referenced above were subject to PCR amplification bias, precluding a precise evaluation of the TCR repertoire in the SG of SS patients.
The specificity of SG CD4 + T cells and their role in SS is not understood. Identification of autoantigens can uncover pathologic mechanisms and revolutionize approaches to disease prediction (24) , prognosis (25) , diagnosis (26) , and therapy (27) (28) (29) . Although dry mouth and CD4 + T cell infiltrates in SG tissue are cardinal features of SS, mechanistic connections between these elements have remained elusive. In this study, we analyzed the paired α and β TCR repertoire of pSS subjects derived from single SG CD4 + C-D45RA -T cells in a systematic manner, utilizing a precise single-cell approach for defining T cell clonal expansions. Our strategy is not subject to the amplification bias encountered in the study of TCR repertoires from bulk cell populations and tissues or to bias introduced during in vitro cell culture (30) . From SG clonal expansions identified in 9 of 10 subjects, our study provides the first firm evidence to our knowledge for antigen-driven CD4 + T cell clonal expansion in SG, uncovers TCR CDR3 similarities among expanded clones of unrelated individuals carrying the HLA DR3/DQ2 (DRB1*0301/DQB1*0201) risk haplotype (31) , and reveals correlations between the degree of SG CD4 + T cell clonal expansion and oral disease features that provide mechanistic insight into the oral pathology of SS.
Results

Subject characteristics.
Ten individuals who met internationally accepted criteria for pSS (3), exhibited focal lymphocytic sialoadenitis with focus score ≥1, and were positive by PCR for the SS-associated DR3/DQ2 risk haplotype were chosen for analysis of their TCR repertoire in CD4 + memory T cells from SG and peripheral blood (PB). Additionally, the DR3/DQ2 haplotype was assigned to 9 of these 10 subjects by imputation of GWAS SNP data using the maximum likelihood model (Supplemental Table 1 Figure 1 and Supplemental Table 2 . Assessment of the frequencies of utilized TCR genes among uniquely represented sequences revealed diverse TCR gene usage in both SG and PB (Supplemental Figure 2) , as has been previously noted (10) . Comparison of gene usage frequency by matched-pairs analysis revealed significant enrichment of a few selected TCRα genes (TRAV8-4, TRAV-24, and TRAJ22) in SG, while usage of others (TRAV38-1, TRAJ27, TRAJ44, and TRBV29-1) was reduced (Supplemental Figure 3) . CD4 + T cells from SS SG often express two functional TCRα chains. As T cells expressing dual TCRs have been proposed to contribute to autoimmunity (32) (33) (34) (35) , the prevalence of cells expressing two functional TCRα transcripts in SG versus PB was compared among all cells yielding detectable α chains. The overall frequency of cells expressing two α chains, regardless of whether the rearrangements were productive, was similar between the two tissues (13.3% of SG vs. 14.1% of PB CD4 + T cells). SG-derived cells, however, were significantly more likely to express dual productive TCRα rearrangements than those from PB (49.6% vs. 34.5%, χ 2 = 5.68, P = 0.017; Table 2 ). This result was also found in an analysis restricted to unique sequences (48.3% vs. 33%, χ 2 = 4.88, P = 0.027). This bias indicates a potential role for the surface expression of dual TCRs in the selection of CD4 + T cells found in SG tissue from individuals with SS.
Clonally expanded CD4 + T cells are frequent in SS SG tissue. Clonal expansions were defined as two or more T cells expressing nucleotide-identical TCR CDR3 sequences in a given tissue of an individual subject. The percentages of cells comprising clonal expansions in SG and PB are shown in Supplemental Table 3 and Figure 1 . Nine of the Table 3 . The total number of single cells evaluated is shown below each subject label.
ten pSS subjects had detectable clonal expansions in SG. The TCR CDR3 sequences, TCR-V/J gene usage, and size of the expanded SG clones are shown in Table 3 . Although clonal expansions were also detected in the PB of 5 individuals, the extent of clonal expansion was substantially greater in SG compared with PB (P = 0.006, median 11.95%, range 0%-28.3% vs. median 0.85%, range 0%-6.7%, Supplemental Table  3 and Figure 1 ). Variability in the numbers and sizes of the SG clonal expansions is shown in Figure 2 . Each clone was assigned a number (corresponding to the subject number) and a letter, beginning with "A" (assigned to the largest expansion for each subject). For clones with two TCRα chains, the second α chain was designated by a prime symbol (′). The majority of subjects exhibited multiple small expansions, ranging from 2 to 6 cells per clone, with the exception of subject 10, in whom two large expansions of 11 and 10 cells each were identified.
To determine whether the TCR repertoire in SG was more restricted than that in PB, we adopted statistical methods used to evaluate biodiversity. The TCR repertoire can be thought of as a collection of species and therefore a type of biodiversity. Diversity is determined by species richness (i.e., the number of unique species in a given population) and distribution evenness (i.e., how balanced the distribution of species is in an ecosystem). Differences between samples are determined by the numbers and frequencies of shared species. As methods to investigate ecological diversity have been adapted to TCR repertoire analysis (36) (37) (38) , we performed diversity analyses on productive nucleotide sequences from the complete SG and PB CDR3 α and β data sets to assess the impact of clonal expansions on TCR repertoire diversity in SG. Significant reductions in richness metrics (Chao1, number of observed species), Simpson's Diversity Index and Simpson's Evenness, were observed at increasing depth in SG compared with PB, while a significant increase in Berger-Parker Dominance (an inverse measure of diversity) was observed in SG compared with PB ( Figure 3 ). These results indicate reduced sequence diversity in SG compared with PB, which is likely a consequence of clonal expansions and antigenic selection of SG T cells.
Evidence of antigenic selection within individuals. To probe for sequence similarities among expanded clones in SG, all expanded SG TCR CDR3 sequences were compared to each other using protein-pro- Each expanded (Exp) clone ID corresponds to the graphical depiction for each subject shown in Figure 2 . The complete T cell receptor (TCR) gene usage, complementarity-determining region 3 (CDR3) sequences, and the number of sequence repeats detected are listed. The presence of a pound sign or an asterisk in the CDR3 sequence indicates a frame shift or stop codon, respectively. ND, not determined.
tein blast matrices, evaluating TCRα and β sequences separately. The sequences were clustered by BLAST similarity scores (see Methods) and displayed as heatmaps (Figures 4 and 5 ). Alignment of TCRβ CDR3 sequences within related clusters revealed numerous examples of striking sequence similarity between expanded clones within individual subjects ( Figure 6 ). For example, multiple independent clonal expansions of subject 10 align in clusters 1β and 8β, and two clonal expansions of subject 7 align in cluster 4β. In each case, these alignments included amino acids that were not germline encoded.
A similar analysis performed using the TCRα CDR3 sequences revealed several examples of highly similar sequences between expanded clones from the same individual ( Figure 7 ). Because TCRα chain recombination utilizes only N-region additions without the contribution of a diversity gene, CDR3αs typically have fewer nucleotide additions at the V-J gene junction. Therefore, the extent of homology between TCRα CDR3 sequences is often driven entirely by similarity in the V and/or J gene regions. Although this was observed for sequences in clusters 7α and 11α, other TCRα CDR3 similarities involved similar or identical amino acids encoded by N-region additions (e.g., expanded clones 9A and 9I in cluster 3α and expanded clones 10D′ and 10F in cluster 5α). Taken together, the TCRα and β chain sequence similarities in clonally expanded T cells within the SG of individuals strongly suggest antigen-driven selection in the SG of these subjects.
Evidence of recognition of common antigens among unrelated SS subjects. More striking was our observation that amino acid sequences from expanded clones of unrelated individuals clustered together. For example, CDR3 sequences of expanded SG clones from 4 different subjects aligned in cluster 1β (Figure 6 ), while sequences of expanded clones from multiple pairs of subjects aligned in clusters 5β, 6β, 7β, and 9β. All of these alignments include amino acids encoded by N-region nucleotides. Similar clustering of CDR3α sequences among unrelated subjects is shown in Figure 7 . As expected, some TCRα clusters contained no or few N-region-encoded amino acids in the alignments (clusters 1α, 3α, 6α, 8α, and 9α). However, multiple N-region-encoded amino acids were involved in other alignments: valine and arginine in cluster 2α; alanine in clusters 4α and 5α; glycine in cluster 10α; isoleucine and valine in cluster 11α; valine, serine, and glutamic acid in cluster 12α; and lysine in cluster 13α. These data suggest common antigen recognition among expanded SG CD4 + T cell clones. We next examined unique sequences for similarity to those in our identified clusters. Motifs were constructed from individual clusters and used to search our database of unique SG sequences. Several unique sequences (indicated by the subject number alone) were found with similarities to those in the TCRβ alignments; these were added to the clusters displayed in Figure 6 . Several of these used NDN-or N-region nucleotides to encode the amino acids conferring similarity. For example, 2 unique CDR3β sequences from subject 4 contributed to the large cluster 1β, 3 unique CDR3β sequences from subjects 2, 6, and 8 aligned with clonal expansions of subjects 6 and 9 in cluster 7β, and 1 unique sequence from subject 4 aligned with expanded sequences from subjects 5 and 9 in cluster 9β. It is of interest that this latter sequence is nucleotide-identical to expanded clone 5A. Unique TCRα CDR3 sequences from subjects 1, 2, 4, and 10 aligned with expanded clones from other individuals in clusters 4α, 5α, 6α, and 11α ( Figure  7 ). Nongermline nucleotides contributed to the amino acid similarities in many of these cases. Due to the small numbers of cells analyzed, it is possible that the unique sequences included in these clusters are part of undetected clonal expansions.
Subjects with similar SG CDR3s are discordant for autoantibodies to canonical SS antigens. We next determined whether unrelated subjects sharing TCR CDR3 amino acid similarities from expanded SG clones were concordant for serologic reactivity to the canonical SS antigens Ro or La (Figures 6 and 7) . Surprising- Table 3 and Figure 3 . Sequences that are part of clonal expansions (Exp) are indicated by "+," and unique sequences are indicated as "-." Underlined residues are derived from the NDN-region. Nonunderlined residues are derived from germline sequence. Gray shading indicates similar or identical residues derived from germline sequence. Blue shading indicates similar or identical residues derived from the NDN-region. Ro and La antibody status of each subject is listed as positive (+) or negative (-).
ly, most of the subjects with CDR3β amino acid similarities between their expanded SG clones were discordant for Ro and La antibody status. Cluster 6β was one exception, as both subjects had anti-Ro antibodies. In contrast, 4 of 10 defined TCRα clusters (clusters 1α, 4α, 11α, and 12α) contained sequences from unrelated subjects who were concordant for Ro or La autoantibody status. However, TCRα clusters discordant for Ro antibody status were more prevalent than concordant examples, and no clusters were concordant for anti-La antibody positivity. These observations suggest that many of the expanded SG T cells may not recognize the prototypic Ro and La antigens.
Convergent recombination and TCR CDR3 sequence identity among CD4 + T cells from unrelated SS subjects. We next searched our SG database for examples of convergent recombination in which two or more CDR3s exhibit the same amino acid sequence, but through the use of different nucleotides, as convergent recombination provides evidence for antigenic selection (39) . This analysis revealed 3 pairs of amino acid-identical CDR3α sequences from unrelated individuals (Figure 8 ). Convergent TCRs frequently arise from sequences with very few N-region additions and/or V/J gene nucleotide deletions. The 3 pairs of convergent sequences from SG had up to 8 V and J gene nucleotide deletions combined with a smaller number of N-region nucleotide additions. These data provide further strong support for recognition of common antigens by CD4 + T cells from SG tissue of unrelated individuals. In addition to the examples of convergent recombination described above, two unique SG clones from subjects 8 and 9 shared the same CDR3α amino acid sequence (CAENAGGTSYGKLTF) encoded by identical nucleotides. In this case, there was 1 V gene and 5 J gene nucleotide deletions but no N-region nucleotide additions, suggesting that it may be a public CDR3.
CD4 + memory T cells using CDR3s that are identical or similar to those of clonal expansions in SG can be found in PB. We next examined the CDR3 sequences of memory CD4 + T cells from PB to determine whether Figure 7 . Alignment of T cell receptor α sequences from expanded salivary gland clones and closely related unique cells. Cluster designations match those indicated in Figure 5 . Subject (Subj) designations indicate particular expanded clones and match designations in Table 3 and Figure 3 . For cells with two α chains, the second one is designated with a prime symbol. Sequences that are part of clonal expansions (Exp) are indicated by "+," and unique sequences are indicated as "-." Shading and underlining are as described in the legend for Figure 6 . Ro and La antibody status of each subject is listed as positive (+) or negative (-).
we could find evidence of circulating cells with CDR3s that were identical or similar to those in SG. Three examples of CD4 + memory T cells detected as unique sequences in PB had identical CDR3β sequences to cells in SG of the same subject. Two of these corresponded to SG expanded clones 5A and 7E. The third corresponded to a unique SG sequence (CDR3α: CVVSESSSNTGKLIF, CDR3β: CASSVDGQGIGYTF). Thus, T cell clonotypes occurring in SG can also be found in PB, though at a lower frequency.
We performed a similar analysis of the CDR3s from the PB clonal expansions. Of the 8 detected clonal expansions in PB (Table 4) , one (PB9C) exhibited CDR3β amino acid similarity both to SG expansions from the same individual (9E) ( Figure 9 ) and from an unrelated individual (8E). Furthermore, two CDR3α sequences (PB1A and PB3A) from unrelated individuals displayed sequence similarity to each other and to expanded SG clone 9E. These alignments depended in part upon nongermline-encoded amino acids. Taken together, these results suggest that T cells capable of recognizing SG antigens may be present in the PB of pSS subjects. The significance of the other expanded clones in PB is unknown, but they may be the result of immune responses to common pathogens.
To determine if TCRs from expanded SG clones from subjects with pSS can also be found among the memory T cell repertoire of healthy controls, we examined the TCR repertoire of two healthy individuals without any evidence of autoimmune disease. As it is difficult to obtain SG tissue from healthy subjects, we used PB memory CD4 + T cells of two healthy controls positive for the DR3/DQ2 haplotype for this analysis. We employed a TCR deep-sequencing approach (40, 41) that minimizes amplification bias and sequence errors by applying unique molecular identifiers (UMI) to cDNA molecules prior to amplification. We found 7 of the 43 productive TCRα sequences and 1 of the 41 TCRβ sequences from the expanded SG clones shown in Table 3 ). Only two pairs of α and β sequences were found. None of the PB sequences from SS subjects shown in Figure 9 or Table 4 were found in the PB of our two control subjects. So, while PB CD4 + memory T cells with the same CDR3 sequences as those in expanded clones from the SG of SS subjects can be found in healthy individuals, they are not common, and cells with the exact same TCR are extremely rare.
The TCR repertoire in SG of SS patients contains more related CDR3 sequences and is less diverse than that in PB of healthy individuals. We hypothesized that the high degree of SG memory CD4 + T cell clonal expansions and the presence of related CDR3 sequences is an important characteristic of SS subjects. To test this hypothesis, we compared the PB TCR deep-sequencing data from the healthy controls described above to TCR deep-sequencing data generated from remaining stored SG memory CD4 + T cells from subjects 2-5 and 10 using the same deep-sequencing approach. These deep-sequencing data sets were analyzed by three different methods.
First, to assess the similarity of the TCR sequences in each tissue, we generated pairwise alignments of the TCR sequences and determined what percentage of them had pairwise maximum BLAST bit scores ≥50% of the maximum score. This threshold is the same one used to arrive at alignments shown in Figures 6 and 7 . Only one copy of each unique sequence from each individual was included in the analysis. PB1A  2  TRAV13-1  CAAT  E  STGFQKLVF  J8  TRBV20-1  CSAR  GL  AGVEQFF J2-1  PB3A  2  TRAV8-4  CAASG  E  TGFQKLVF  J8  ND  PB3B  2  TRAV5-1  CAESI  DDYKLSF  J20  ND  PB4A  2  TRAV8-6  CAVS  GINAGKSTF  J27  TRBV7-6  CASSLE  QPERL  TYNEQFF J2-1  PB7A  3  TRAV13-1  CAA  QG  GNFNKFYF  J21  TRBV29-1  CSVG  EG  DTEAFF  J1-1  PB9A  2  TRAV13-1  CAA  GG  PGYSSASKIIF  J3  TRBV20-1 CSARD  YTSGSA TYNEQFF J2-1  PB9B  3  TRAV8-1  CAV  GLE  SARLMF  J31  TRBV20-1  CSA  WSLAGDR AYNEQFF J2-1  PB9C  2  TRAV26-1  CIVR  PP  DGQKLLF  J16  TRBV19  CASSI  QGA  TGELFF  J2-2 The ID listed for each expanded (Exp) clone indicates subject number and that it was derived from peripheral blood (PB). The complete T cell receptor (TCR) gene usage, complementarity-determining region (CDR3) sequences, and the number of sequence repeats detected are listed. None of the PB clones had a second TCRα chain detected. ND, not determined.
A median of 1,712 (range 638-2,948) productive sequences were recovered from deep sequencing of SGs from our SS subjects, a markedly smaller number than that recovered from PB of healthy controls (range 1,923,142-2,204,540). We therefore downsampled the PB sequences using probability proportional-to-size (PPS) sampling to match the total number of TCRα and TCRβ sequences recovered from SGs, 2,259 and 2,751, respectively. The downsampling was repeated 2,000 times to estimate a hypothetical distribution of the frequency of pairwise maximum BLAST similarity scores ≥50% among TCR sequences from PB of healthy controls. Figure 10 shows that the observed frequency of SG sequences meeting this similarity threshold (3.05% for TCRα chains and 6.5% for TCRβ chains) was far greater than what can be expected from a hypothetical sampling from healthy control PB data (P = 4.1 × 10 -6 and P = 3.4 × 10 -19 for the TCRα and TCRβ comparisons, respectively).
Second, using the same TCR deep-sequencing data, we calculated the percentage of each individual's repertoire, comprised by their 10 most frequent clonotypes. Repertoires that are less diverse will have a larger percentage comprised of their top 10 clonotypes. TCRα and β sequences were analyzed separately. As shown in Supplemental Figure 4 , the top 10 clonotypes from the SGs of SS patients comprise a significantly larger proportion of the TCR repertoire than the top 10 clonotypes from PB of control subjects.
Finally, we conducted diversity analyses for healthy control PB versus SS SG TCR sequences similar to the ones shown for the single-cell sequencing data in Figure 3 . Importantly, a UMI-based approach provides data that can be reliably compared using the Chao1 metric, as each UMI-labeled cDNA molecule approximately represents a single T cell (40, 42) . As we had more sequences from deep sequencing, separate analyses were done for TCRα and β chains. PPS sampling was used to randomly select 500 UMI-based cDNA molecules from each individual's deep-sequencing data. The selected cDNAs were clustered to define the operational taxonomic units (OTUs). Except for one metric in the β chain analysis (Berger-Parker Dominance), SG TCR sequences showed significantly less diversity for both α and β chains (Supplemental Figure 5) .
Taken together, our analyses of the above TCR deep-sequencing data strongly support the concept that restricted diversity of the TCR repertoire of memory CD4 + T cells in SG of subjects with SS and their degree of relatedness are not features of the TCR repertoires of healthy individuals.
The frequency of clonally expanded CD4 + T cells in SG correlates with measures of oral disease. SS is diagnosed using a combination of subjective symptoms, serology, SG histology, and objective measurements of oral and ocular dryness. Having established that SG CD4 + T cells are enriched for clonal expansions in individuals with SS, we investigated relationships between the degree of SG CD4 + T cell clonal expansions and clinical measures of disease. The frequency of clonally expanded SG T cells exhibited a strong inverse correlation with whole unstimulated salivary flow (r = -0.75, P = 0.015, Figure 11A ). This analysis links glandular T cell expansion with decreased glandular function.
The role of fibrosis in SG dysfunction is currently unclear. SS patients have elevated labial SG fibrosis compared with patients with sicca symptoms who do not meet SS criteria (43) . To assess a possible correlation between degree of SG clonal expansion and extent of fibrotic damage in tissue, histopathological sections of SG tissue for each subject were scored for fibrotic damage, and the percentage of fibrotic tissue was calculated. As shown in Figure 11B , an increasing frequency of SG T cell expansions significantly correlated with an increasing degree of fibrosis (r = 0.66, P = 0.04, Spearman's rank correlation, 2-tailed test). However, the correlation of the percentage of fibrotic tissue with whole unstimulated salivary flow did not reach statistical significance (P = 0.054, Spearman's rank correlation). The frequency of SG clonal expansion did not correlate or associate with age, biopsy focus score, objective dry eye measures, Ro or La antibody status, hypergammaglobulinemia, or extraglandular manifestations (data not shown).
Discussion
We report here a comprehensive analysis of the CD4 + memory T cell TCR repertoire in pSS and a description of paired TCRα and β sequences from matched SG tissue and PB. We found clonal expansions of CD4 + memory T cells constituting 4% to 30% of the total cells analyzed in SG of 9 of 10 subjects. The extent of these expansions correlated with diminished SG function. Furthermore, amino acid sequence similarities involving nontemplated nucleotides among expanded clones both within and between individual subjects implicate antigenic selection as a primary determinant in shaping the SG repertoire in pSS.
Early studies of the TCR repertoire of SS SG T cells provided evidence of clonal expansion and preferential gene segment usage but were limited by the use of bulk tissue, the separate evaluation of either TCRα or β gene usage, and/or the small numbers of cells analyzed (17, 19, 22, 23) . We believe our work is the first to report the direct ex vivo analysis of large numbers (>3,000 CDR3 sequences) of defined, SG-localized memory CD4 + T cells and matched PB samples at the single-cell level from pSS subjects with extensive clinical data. Our PCR approach captured sequences from >90% of the known TCRα and β variable genes (Supplemental Figure 2) , indicating robust detection of TCR diversity. Paired TCR retrieval was more efficient from PB than from SG (median 69%, range 53%-73% vs. median 37%, range 19%-79%), possibly due to a nearly 4-fold higher surface TCR expression on cells from PB compared with SG (data not shown). However, the percentage of paired TCRs retrieved from cells with successfully amplified cDNA was similar between the two tissues (Supplemental Table 3 ), indicating no inherent difference in the performance of the PCR on cells from different tissues. Thus, the TCR data in this report represent an unbiased assessment of TCR repertoire from SS labial SG tissue compared with that from PB.
Numerous reports have linked dual TCR-expressing cells to autoimmunity (32, 34, 44) . Thus, our observations that CD4 + T cells expressing two functional TCRα transcripts are significantly enriched in SG tissue compared with PB in pSS ( Table 2 ) and are found in approximately 15% of the clonal expansions (Table 3) are of particular interest. During T cell development, the rearrangement of TCRβ chains is tightly regulated to ensure production of a single TCRβ chain in each T cell. However, TCRα rearrangement initiates simultaneously on both loci, sometimes resulting in the production of two in-frame rearrangements and, potentially, two distinct TCRs in a single cell (13, 14) . Cells bearing two functional TCRs have been shown to directly contribute to the breadth of TCR diversity against foreign antigens (45) . However, they may also inflict autoimmune tissue damage. For example, virus-specific T cells expressing dual TCRα chains were the mediators of autoimmune central nervous system damage after infection (44) . Dual TCR expression may lead to increased autoreactivity by protecting autoreactive TCRs from deletion (32, 33) and by increasing the breadth of peptide recognition through enhanced positive selection (34) . Our data suggest that such phenomena may contribute to the development of SS.
We present several lines of evidence supporting antigen-driven CD4 + T cell selection in SS SGs. Figure 9 . Alignment of complementarity-determining region 3 sequences from expanded clones from peripheral blood and salivary gland. Shading and underlining are as described in the legend for Figure 6 .
First, we observed differential TCR gene segment usage in SG compared with PB (TRAV8-4, TRAV24, TRAV38-1, TRAJ22, TRAJ27, TRAV44, and TRBV29-1, Supplemental Figures 2 and 3) . While earlier publications also showed biased usage of particular variable gene families in SG (46), our work directly assesses the gene usage of antigen-experienced CD4 T cells, not the sum of all T cells present in SG, which vary in composition by patient and include variable numbers of CD8 + cells (5, 6) . Second, we found multiple clonal expansions in the SG of most subjects, which was likely the result of antigen-driven proliferation in the SG (Figure 2) . Because sampling at the single-cell level imposes limitations on the number of cells that can be processed, the fact that nearly one-third of subject 10's evaluated SG cells were part of clonal expansions is extraordinary. Third, when we assessed the diversity of the TCRs for both SG and PB at the cohort level, we found that the SG repertoires were significantly less diverse than those from PB ( Figure 3) . Fourth, we observed a high degree of CDR3 amino acid similarity among clonally expanded SS SG T cells as well as some single T cells within individuals and across unrelated individuals, particularly for TCRβ (Figures 6 and 7) . Several of the similar or identical amino acids in our alignments were encoded by nontemplated nucleotides. This is unlikely to occur by chance, i.e., without antigenic selection. Fifth, we also observed two examples of nucleotide-identical CDR3 sequences from unrelated individuals. Finally, we noted convergent recombination yielding amino acid-identical CDR3 sequences in SG T cells from 3 pairs of unrelated subjects ( Figure 8) . As a whole, our data provide strong evidence for antigen-driven CD4 + T cell proliferation and selection in SG of SS subjects and further suggest that some SG T cells from unrelated individuals may recognize the same SG antigen(s).
Although previous studies examining the TCR repertoire of SG resident T cells noted a number of CDR3 sequence motifs (17, 19, 22, 23, 46) , we did not find the same motifs in our data set. This may be due to a number of factors, including differing ethnicity, HLA haplotype, or T cell type, as these prior studies were conducted in Japanese populations that evaluated total T cells, including naive and CD8 + T cells. Our study selectively evaluated memory CD4 + T cells from individuals of European American descent or individuals of mixed European American/American Indian descent carrying the HLA DR3/DQ2 haplotype. The CDR3 sequences from SS SG that we describe are novel, as there were no direct BLAST matches in the public NCBI database. Although we did not identify a broad "one-size-fits-all" CDR3 Figure 10 . T cell receptor complementarity-determining region 3 sequences from salivary gland CD4 + T cells are significantly enriched in degree of sequence relatedness compared with healthy peripheral blood CD4 + T cells. T cell receptor (TCR) deep-sequencing data from two healthy DR3/ DQ2 + control subjects were sampled 2,000 times, and pairwise BLAST similarity scores were obtained. These were used to generate hypothetical distributions of the percentage of comparisons having scores ≥50% of the maximum value (gray). The dashed lines indicate the percentage of salivary gland (SG) CD4 + memory T cell TCR sequences having BLAST scores ≥50% of the maximum value in the actual SG TCR sequence data. Significance was calculated from the cumulative distribution function of the estimated hypothetical distribution (P = 4.1 × 10 -6 and P = 3.4 × 10
goodness-of-fit tests for the TCRα and TCRβ comparisons, respectively). motif, we did uncover strong similarities among different expanded clones within individuals and among unrelated subjects, as described above. Perhaps one reason for the heterogeneity of motifs we observed is that, although our subjects share the HLA DR3/DQ2 risk haplotype, the HLA restriction of the TCRs reported here remains unknown. Immune-driven clonal selection typically occurs at the site of pathological insult, but this does not preclude circulation of the disease-relevant TCR clones in the periphery. A recent study examining rheumatoid arthritis patients found that circulating T cells with surface phenotypic markers matching those in the inflamed synovium shared TCR clonotypes (38) , suggesting that cells expanding in the target tissue circulate systemically. In another rheumatoid arthritis study, the same clonotypes were observed in synovial tissue and blood but with differing transcriptional profiles (47) . In our study, we found nucleotide-identical cells from 3 subjects in both PB and SG; in 2 cases, the CDR3s found in PB matched those of expanded SG clones of the same individual (5A and 7E). From this, we conclude that expanded T cell clones found in SG of SS subjects are also likely to be frequently found in PB of pSS subjects. However, the frequency of CD4 memory T cells bearing TCRs identical to those of the expanded SG CD4 T cell clones from our cohort was very low in PB of 2 healthy individuals. Further TCR deep-sequencing studies employing more subjects and controls will reveal the true extent of repertoire overlap between the two tissues, and single-cell whole-transcriptome RNA sequencing will give insight into the functional relationship between SG and PB cells of matching clonotypes.
Both focal lymphocytic infiltrates and autoantibodies to the hallmark Ro and La antigens are key features of SS (3) . In approximately one-third of pSS patients, germinal center-like structures form in labial SG tissue (48) , indicating tissue-antigen driven immune responses. Consistent with this, Ro and La autoantibodies are made in the SG in situ (48) (49) (50) . Although the presence of these structures has been reported to be a useful predictor of non-Hodgkin's lymphoma (51) , no direct evidence for the role of T cells or germinal center-like structures in oral symptoms has been reported. We detected no association between presence of ectopic germinal center-like structures or presence of extraglandular disease with degree of SG T cell clonal expansion (data not shown). Rather, we found direct correlations between the frequency of clonally expanded CD4 T cells and measures of SG dysfunction and tissue damage. Increased clonal expansions correlated with reduced salivary flow and increased SG fibrosis (Figure 10 ), indicating that these cells may be direct pathogenic effectors in the SG. In earlier studies with much larger sample sizes, reduced whole unstimulated salivary flow correlated with increased age (52), focus score ≥1.0 (53), rheumatoid factor positivity (53, 54) , anti-nuclear autoantibody titer >1:320 (53, 54) , elevated serum IgM (54) , and duration of disease (55) . These relationships were not observed in our study, perhaps because of patient heterogeneity. Bookman et al. observed "definite association" between reduced whole stimulated saliva production, increased SG focus score, increased grade of SG fibrosis, duration of dry mouth symptoms, and tooth loss/ damage (56) . However, that study found no relationship between whole unstimulated salivary flow and SG fibrosis. Unlike in prior reports, the subject cohort in our study was selected for the presence of the HLA DR3/DQ2 risk haplotype as well as a focus score ≥1. We speculate that patients in this selected subgroup may be more likely to harbor SG T cells that promote oral dryness and fibrosis.
One of the long-standing questions regarding SS is what drives the exocrine tissue selectivity of disease? We hypothesize that exocrine gland-specific antigens are recognized by self-reactive immune cells, leading to tissue-specific dysfunction and damage. Identifying these antigens will provide a crucial piece of the puzzle and is critical for understanding the tissue selectivity and pathogenesis of SS. To this end, the identification of paired TCRα and β gene sequences of clonally expanded CD4 + T cells is a crucial first step toward this objective. These TCRs can be expressed in a cell line that is responsive to antigen stimulation in vitro, such as the murine T cell hybridoma, 58α -β -, which has been previously used to express human TCRs (57) . Then, we can screen for reactivity to Ro and La, viral antigens (e.g., EBV), candidate SG antigens, a SG expression library, or fractions of SG or acinar cell extracts. This latter approach has recently been used to successfully identify autoantigens in the NOD diabetic mouse (58) . Interestingly, the observation that several of our clustered expansions contain CDR3s from unrelated subjects with discordant Ro/La autoantibody status (Figures 6 and 7) provides evidence that some of the clonally expanded T cells may recognize antigens that are not Ro or La proteins. Some of them may recognize antigens from infectious agents or other environmental sources. Our demonstration that the frequency of CD4 + clonal expansions correlates with oral disease features documents the importance of identifying these antigens, as knowledge of disease-relevant SG antigens may lead to the development of new therapeutic strategies for SS.
Methods
Subjects and sample collection. Samples and clinical data were obtained from subjects evaluated at the OMRF Sjögren's Syndrome Research Clinic. All participants with SS evaluated in this study met the American-European Consensus Group Criteria for pSS (3) and the 2012 provisional American College of Rheumatology classification criteria for pSS (59) . Rheumatologic, ophthalmologic, and oral examinations were performed and samples were collected during clinic visits. Laboratory tests and data from medical records were collected as previously described (60) . Additional cohort selection criteria were based on (a) positive PCR screening tests for HLA DRB1*0301 (DR3) and DQB1*0201 (DQ2) alleles using previously described primers (61) and (b) minor labial SG focus score ≥1. Healthy individuals donating PB were positive by PCR screening tests for HLA DRB1*0301 (DR3) and DQB1*0201 (DQ2) alleles, were ages 42 and 58, and had no known autoimmune disorders.
HLA imputation. To confirm the presence of HLA DR3 and DQ2 alleles, classical HLA alleles were imputed from SNP data by the HLA imputation software that applies an attribute BAGging technique with European-specific models of 4-digit resolution (human genome reference 19), as described previously (62) . Genotype data were obtained using Illumina Omni-Express arrays (31) employing the 4,189 MHC region SNPs on chromosome 6 (27-34 Mb, human genome reference 19) that were common across both arrays. Maximum likelihood models are reported.
SG tissue processing and cell sorting. Labial SG and PB samples were collected from subjects and processed for single-cell sorting. Biopsy tissue was mechanically separated and enzymatically digested as previously described (49) . PB mononuclear cells were isolated from fresh blood samples using density-gradient centrifugation (Ficoll-Paque; GE Healthcare Life Sciences). Cell suspensions were filtered through a 40-μm cell strainer and counted by trypan blue exclusion. SG and PB mononuclear cell suspensions were stained with a cocktail of antibodies, phycoerythrin (PE) anti-CD3 (clone SK7, BD Biosciences), PE-Cy5 anti-CD4 (RPA-T4, BD Biosciences), Alexa Fluor 488 anti-CD8 (RPA-T8, BD Biosciences and eBiosciences), and V450 anti-CD45RA (HI100, BD Biosciences and eBiosciences), followed by bulk sorting of the CD3 + CD4 + CD8 -CD45RA -population on a FACSAria (BD Biosciences) (Supplemental Figure 1 ). Single cells were sorted into 96-well PCR plates containing 10 μl/well of catch buffer (RNase-free water containing 10 mM Tris, pH 8.0, and 750 units/ml of RNasin [Promega]) using a MoFlo XDP (Beckman Coulter), leaving the bottom row of each plate free of cells as negative controls. Plates were immediately sealed (Microseal F, Bio-Rad) and placed on dry ice until transfer to a -80°C freezer where they were stored until processing for single-cell RT-PCR. Numbers of SG processed (median 6 SG per biopsy, range 3-8) and numbers of memory CD4 + T cells isolated (median 4,756, range 408-48,628) from SG single-cell suspensions varied considerably among participants (Supplemental Table 1 ). A maximum of 378 viable single cells (range 168-378) were sorted per subject.
Single-cell RT-PCR. The single-cell RT-PCR protocol for TCRs was adapted from Wang et al. (63) with minor modifications. In the first step, cDNA was generated using the iScript cDNA Synthesis Kit (Bio-Rad) by adding 2 μl of 5X iScript reaction mix and 0.5 μl of iScript enzyme mix/well to each 10 μl volume wholecell lysate in catch buffer. Plates were incubated at 25°C for 5 minutes, 42°C for 30 minutes, and 85°C for 5 minutes. In the second step, all cDNA material was added to a first-round multiplex PCR containing Advantage 2 Polymerase (Clontech) and external primers for both TCRα and β V-and C-regions (63) in a total volume of 50 μl. Reactions were cycled at 94°C for 20 seconds, 52°C for 20 seconds, and 72°C for 45 seconds for a total of 40 cycles. In the third step, two separate nested second-round PCRs were performed under the same cycling conditions with 1.5 μl of first-round PCR product as template to amplify the α and β chains. These reactions utilized NEB Taq polymerase (New England Biolabs) with 2 mM MgCl 2 , 1.25 pmol of each nested (internal) V-region primer (for α or β) (63), and 5 pmol of nested C-region primer (63) . Amplified products were detected by agarose gel electrophoresis, purified by spin column (Qiagen or Enzymax), and Sanger-sequenced using the following primers: UpCβ: 5′-GGTGTGGGAGATCTCTGCTTCTGA-3′ for TCRβ amplicons and CaNV: 5′-TTTAGAGTCTCTCAGCTGGTACACGG-3′ for TCRα amplicons. When dual α sequences were evident, the second-round PCR products were cloned into a TOPO-TA vector (Invitrogen) and both transcripts were retrieved by sequencing multiple inserts.
Single-cell TCR sequence and repertoire analysis. TCR nucleotide sequences from single-cell RT-PCR were deposited in GenBank (accession numbers KX075774-KX077178 and KX074222-KX0757733 for SG and PB sequences, respectively). Nucleotide sequences were compared to the reference sequences from the international ImMunoGeneTics (IMGT) information system (http://www.imgt.org; ref. 64 ), using IMGT/ HighV-QUEST to assign gene segments (65) . VDJviz (42) was used to annotate nongermline-encoded nucleotides and amino acids. Clonal expansions were defined as two or more cells sharing nucleotide-identical CDR3 sequences within a given tissue of one individual.
The percentages of SG or PB cells that were part of clonal expansions were calculated on a per subject basis as follows: (number of SG or PB cells in all clonal expansions/number of SG or PB cells with retrieved TCR sequences) × 100 = percentage clonal expansion.
TCR diversity analysis. Diversity analysis of the TCR repertoire was conducted with QIIME, v1.8 (66) and USEARCH, v8.0 (67). Nucleotide sequences were clustered into OTUs at 97% identity, using the "uclust" algorithm with default parameters. Sequences for each individual were mapped to these OTUs with the "usearch_global" algorithm at 97% identity and default parameters. A reference taxonomy was constructed for TCR sequences using their IMGT-assigned gene segments. Alpha diversity metrics evaluating richness (observed OTUs, Chao1) and evenness (Berger-Parker Dominance, Simpson's Evenness) and Simpson's Diversity Index were calculated in QIIME.
TCR multiple sequence alignment. CDR3 amino acid sequences from expanded SG clones of all subjects were evaluated for within-and between-subject similarities using protein-protein BLAST, v2.2.29+ (68) . Alignments were scored using the PAM30 substitution matrix with the following parameters: word_size = 2, window_size = 40, gapopen = 9, gapextend = 1, threshold = 11, comp_based_stats = 0. Similarity between two sequences was calculated as the percentage maximal BLAST bit score (i.e., the BLAST bit score divided by the bit score of the Query Sequence's alignment to itself × 100). The higher of two scores between each pairwise comparison was retained. Sequences were clustered by similarity using Euclidean distance and Ward linkage metrics and visualized as heatmaps. Clusters containing BLAST bit scores equal to or exceeding a threshold of 50% of the maximum possible bit scores were selected and aligned using CLC Sequence Viewer (Qiagen) followed by manual adjustment to maximize similarities.
Sequence motifs derived from visual inspection of multiple alignments were used to query databases containing all SG or PB sequences from all participants using the "protein pattern find" function of the Sequence Manipulation Suite (69) . Return of the parental expanded sequences used to create the motifs served to validate the motifs used in the search strategy. Unique CDR3 sequences sharing similarity with aligned clusters of clonally expanded sequences were added to the alignments.
TCR deep sequencing and analysis. Next-generation TCR sequencing was performed on bulk populations of sorted CD4 +
CD45RA
-memory T cells from SG of SS subjects with sufficient sample available after single-cell sorts (subjects 2, 3, 4, 5, and 10) and from PB of two healthy control subjects according to the method of Egorov et al. (40, 41) . The number of SG cells ranged from 6.8 × 10 3 to 47 × 10 3 , and the number of healthy control PB cells was 2 × 10 6 cells/subject. Cells were stored frozen in TriZol until they were processed for RNA. Briefly, cDNA was synthesized and UMI-labeled (70) using the SmartScribe RT kit (Clontech) followed by use of all the cDNA in the first-round PCR reactions using primers as specified by Egorov et al. (41) and Q5 Polymerase (NEB). First-round PCR products were purified (Qiagen) to remove excess primers, and a second-round PCR was performed with nested primers. This product was gel purified (Qiagen) and immediately quantified and used for library preparation using the NEBNext Library kit for Illumina (NEB). Library integrity was checked by TapeStation (Agilent Technologies) analysis followed by quantification using qPCR. The healthy control PB samples and the pSS-SG samples were sequenced separately on Illumina MiSeq paired-end 150-bp runs using separate indexing for α and β TCRs by the OMRF Next Generation Sequencing Core. UMI-tagged data sets were processed using MIGEC software to correct for PCR amplification biases and remove PCR/sequencing errors as described previously (41) . V-D-J mapping and clonotype assembly was performed using the MIGEC/CdrBlast routine. TCR deep-sequencing data sets were submitted to the Sequence Read Archive (http://www.ncbi.nlm.nih.gov/sra) under accession number SRP073308.
Measurement of SG fibrosis. Degree of SG fibrosis was quantitatively assessed from imaged, H&E-stained SG cross sections (4-6 SG cross sections per subject) using morphometric grids (43) . Whole-gland digital reconstructions were assembled (in Zeiss ZenBlue software) from overlapping ×200 high-resolution images taken on a Zeiss 710 confocal microscope. The total area of each SG cross section was measured using the Automated Measurement program feature of Axiovision 4.8 software (Zeiss) with manual adjustments. Morphometric grids were applied at a standardized scaling to all images using ImageJ (NIH). Each grid square ≥50% occupied by tissue was scored. Scored squares in which available tissue displayed ≥50% fibrotic change were marked as positive. The number of fibrosis-positive squares in each SG cross section was multiplied by 2,500 μm 2 (the area of each grid square). This value was divided by the total section area and then multiplied by 100 to generate the percentage of fibrosis area for each SG cross section. Percentages of fibrosis area for all available cross sections from a given subject were averaged to obtain the mean percentage of SG fibrosis area.
Statistics. Differences in frequency of dual TCRα usage in SG versus PB were evaluated using the χ 2 test, in which cells having only a nonfunctional TCRα chain detected were counted as cells bearing two TCRα transcripts. Preferential usage of particular gene segments in SG compared to PB was evaluated by the matched-pairs Wilcoxon rank-sum test using only unique sequences. A nonparametric, 2-tailed, 2-sample t test was used to compare alpha diversity metrics between PB and SG samples. Hypothetical distributions of similarity score percentages from repeated PPS samples of PB data were modeled as gamma distributions to assess extremeness of similarity scores observed in SG samples. Relationships with clinical values were evaluated by 2-tailed Spearman rank correlations. P values of less than 0.05 were considered to be significant.
Study approval. The study was approved by the OMRF Institutional Review Board and was conducted according to the principles of the Declaration of Helsinki. All samples and data were collected following written informed consent.
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